We have analyzed several properties of the complex that forms between RNAs that end at the poly(A) site of simian virus 40 late mRNA and factors present in a HeLa cell nuclear extract. Formation of this polyadenylation-specific complex requires the sequence AAUAAA and a proximal 3' end. We have observed three changes in the polyadenylation complex early in the addition of the poly(A) tail The mature 3' termini of most eucaryotic mRNAs are generated by two sequential reactions: cleavage of a long mRNA precursor and polymerization of adenylate residues onto the new 3' terminus to form a poly(A) tail. Two sequences are required for the cleavage reaction: the highly conserved hexanucleotide AAUAAA, typically located 15 to 20 nucleotides upstream of the cleavage site, and a sequence downstream of the cleavage site (for reviews, see references 2, 10, and 18).
We have analyzed several properties of the complex that forms between RNAs that end at the poly(A) site of simian virus 40 late mRNA and factors present in a HeLa cell nuclear extract. Formation of this polyadenylation-specific complex requires the sequence AAUAAA and a proximal 3' end. We have observed three changes in the polyadenylation complex early in the addition of the poly(A) tail. First, the complex becomes heparin sensitive after the addition of approximately 10 adenosines. Second, a 68-kilodalton protein present in the complex, which can be cross-linked by UV light to the RNA before polyadenylation has begun, no longer can be cross-linked after approximately 10 The mature 3' termini of most eucaryotic mRNAs are generated by two sequential reactions: cleavage of a long mRNA precursor and polymerization of adenylate residues onto the new 3' terminus to form a poly(A) tail. Two sequences are required for the cleavage reaction: the highly conserved hexanucleotide AAUAAA, typically located 15 to 20 nucleotides upstream of the cleavage site, and a sequence downstream of the cleavage site (for reviews, see references 2, 10, and 18).
Cleavage and polyadenylation occur in a large complex. Prior to cleavage, a precleavage complex forms between the pre-mRNA and processing components present in a HeLa cell nuclear extract. Existence of this complex has been inferred from sedimentation analysis (16, 23) , nondenaturing gel electrophoresis (9, 22, 27, 29) , ribonuclease resistance (7, 9, 23) , and inaccessibility of AAUAAA to a complementary oligonucleotide (23, 27) . After cleavage, if polyadenylation is blocked, the 5' half-molecule is retained in a postcleavage complex (28) and remains inaccessible at AAUAAA (27). The 3' half-molecule is released (16, 28) . A poly(A) tail is added to the 5' half-molecule, one residue at a time (14, 15) . By the time a full-length poly(A) tail has been added, the RNA has been released from the postcleavage complex (9, 22, 28) and has become accessible at AAUAAA (27) .
At least three separable components are required to catalyze cleavage (3-5, 11, 24) . These include a specificity factor, a cleavage factor, and a poly(A) polymerase (3, 24) . Addition of poly(A) to cleaved RNA requires only the specificity factor and polymerase fractions (3, 4, 24) . In the absence of a specificity factor, the most highly purified HeLa polymerase preparations add poly(A) to any RNA (20; D. Zarkower, Ph.D. thesis, University of Wisconsin, Madison, 1989) . In the presence of the specificity factor, however, the polymerase adds poly(A) only to AAUAAA-containing RNAs (3, 4, 11; V. Bardwell, D. Zarkower, M. Edmonds, and M. Wick-Recognition of the AAUAAA sequence may be mediated by a small nuclear RNA, a protein, or both. It has been suggested that the sequence specificity factor is a small nuclear ribonucleoprotein (5), perhaps containing Ull RNA (3). In addition, a 64-to 68-kilodalton (kDa) protein can be cross-linked by UV light to substrates containing AAUAAA (13, 25) and is found in specific precleavage complexes (13) .
In vivo cleavage and polyadenylation are tightly coupled. This can complicate analysis of poly(A) addition. To study polyadenylation in the absence of cleavage, a synthetic RNA which contains AAUAAA and ends at the cleavage site (a precleaved RNA) can be used (26) . This RNA forms postcleavage complexes and is efficiently polyadenylated (28) .
Polyadenylation to precleaved RNAs occurs in two phases (21) . In the first phase, the addition of each adenosine is dependent on AAUAAA. In the second phase, the reaction is independent of AAUAAA but requires an oligo(A) primer.
In this paper, we analyze complexes associated with the substrate during the addition of a poly(A) tail. We present evidence that the complex undergoes several detectable changes early in the addition of the poly(A) tail.
MATERIALS AND METHODS
Plasmids and RNA substrates. All RNAs were prepared by run-off transcription, using SP6 polymerase (12) . RNA containing nucleotides -59 to + 1 of simian virus 40 preceded by 39 nucleotides of vector-derived sequences (-59/+1 RNA) was prepared by transcription of HaeII-cut pSPSV -59L/+1 (28) .
-58/+1 RNA containing AAUCAA was prepared by transcription of NsiI-cut pSPSV -58/+1 RNA containing AAUCAA. It contains nucleotides -58 to + 1 of simian virus 40 preceded by 12 nucleotides of vector-derived sequence. It was derived from pSPSV -581+7 by oligonucleotide-directed mutagenesis to create the NsiI site (21 Preparation of nuclear extract and polyadenylation in vitro. Extract was prepared as described previously (28) . Standard reactions were performed as described previously (27) with slight modification. Unless otherwise noted, reactions contained 5.5 ,ul of nuclear extract, 40 mM KCl, 20 mM phosphocreatine, 0.1 mM ATP, 10 ,uM 3' dATP (Sigma Chemical Co.), and 1 to 10 fmol of RNA in a total volume of 12.5 p.l. In certain experiments, 5, 15, or 500 p.M 3' dATP, 50 p.M ddATP (P-L Biochemicals, Inc.), or 350 p.M 3'-O-methyl ATP (P-L) was substituted for 10 p.M 3' dATP. RNA was prepared after incubation, as described previously (27). RNAs were separated by electrophoresis through 8% denaturing polyacrylamide gels containing 7 M urea at 1,400 V for 3 to 4 h. Gels were dried and exposed to X-ray film.
Oligonucleotide-RNase H assay. Oligonucleotide-RNase H protection assays were performed as described previously (27), except that when -58/+1 RNA containing AAUCAA was assayed, an anti-AAUCAA oligonucleotide (3'-GGT AATATTCGACGTTAN TTGTTGAATTGTTG-5', where N is an equal mix of A, C, and G) was used. Ten picomoles of oligonucleotide (a 1,000-to 10,000-fold molar excess) and 3 mM MgCl2 were added.
Two-dimensional analysis of complexes. Complexes were analyzed on nondenaturing gels as described previously (28) , except that incubation with heparin was for 5 min at 30°C. RNA was transferred to a NA45 DEAE membrane (Schleicher and Schuell, Inc.) by electroblotting at 6 V for 3 h. The membrane was exposed to X-ray film, and RNA was eluted (17) from small, equal sections along the length of the gel. RNA from each section was phenol-chloroform extracted, precipitated with ethanol, and analyzed by electrophoresis.
UV cross-linking. Heparin was added to the reaction to a final concentration of 5 mg/ml (except where indicated), and the reaction was irradiated with a hand-held shortwave light (UVGL 58; Ultra-violet Products, Inc.). Irradiation was carried out at 4°C either at a distance of 4 cm for 20 min or directly on top of the quartz filter for 3 min. RNase A was added to 1 U/,l and incubated at 37°C for 20 min. Samples were boiled for 5 min with an equal volume of 2x SDS loading buffer (125 mM Tris hydrochloride [pH 6 .75]-20% glycerol-10% 2-mercaptoethanol-4% SDS-0.002% bromophenol blue) and analyzed on a 5% stacking-10% separating polyacrylamide gel (6) . Gels were dried and exposed to X-ray film.
Electroelution of complexes. Complexes were electroeluted from the nondenaturing gel by using an electroeluter, as described by the manufacturer (International Biotechnologies, Inc.). Protein was recovered as described previously (13) .
Oligo(dT)-cellulose chromatography. Chromatography was performed as described previously (1), except that 0.4 M NaCl was used in binding buffer, and elution was carried out at 50°C by using 0.2% SDS containing 25 p.g of tRNA per ml.
Proteins were recovered as described previously (13) . RESULTS RNA substrates. RNAs were transcribed in vitro by using SP6 polymerase and DNA templates containing the region spanning the poly(A) site of simian virus 40 late mRNA. The nucleotide to which poly(A) was added [the poly(A) site] was designated as + 1; the preceding nucleotide was -1. Precleaved RNAs (e.g., -59/+1) ended at the poly(A) site.
AAUAAA becomes accessible during polyadenylation. The AAUAAA sequence of a cleaved, but not yet polyadenylated, RNA is inaccessible to a complementary DNA oligonucleotide and subsequent digestion by RNase H. However, after polyadenylation, the AAUAAA sequence is fully accessible (27). To determine when during polyadenylation AAUAAA becomes accessible, radiolabeled -59/+1 RNA was incubated in a HeLa cell nuclear extract for 0 or 20 min in the presence of 0.5 mM ATP and 10 p.M 3' dATP.
Polyadenylation proceeds until the growing poly(A) chain is terminated by incorporation of a 3' dAMP residue; a collection of RNAs with different lengths of poly(A) results. We determined which of these RNAs was inaccessible at AAUAAA by using the oligonucleotide-RNase H assay (19, 27) .
Before the onset of polyadenylation, virtually all mRNAs contain the AAUAAA that is accessible to the oligonucleotide and RNase H (Fig. 1A , lanes 1 and 2). In contrast, after 20 min, only certain of the products were accessible. In particular, by comparing lanes 3 and 4, it is clear that AAUAAA was accessible in molecules with poly(A) tracts of approximately 30 or more A's but not in RNAs with fewer than 30. The increase in accessibility of RNAs with between 30 and 60 A's was gradual; by 60, all RNAs were accessible. As expected, RNA with a mutant AAUAAA sequence (AAUCAA) was neither polyadenylated nor protected (lanes 5 and 6).
An RNA capable of being both cleaved and polyadenylated was assayed in the same manner and yielded the same pattern of protection as -59/+1 RNA (data not shown). We conclude that the pattern of protection was the same, whether or not polyadenylation was coupled to cleavage.
To test whether the protection was a consequence of the 3' dATP per se, we repeated the experiment with two different ATP analogs, 2',3'-ddATP and 3'-O-methyl ATP, which also prevent polyadenylation by acting as chain terminators. A similar pattern of protection was observed with each analog (Fig. 1B, lanes 2 to 7) . A smaller proportion of the RNAs ending in 3'-O-methyladenosine and 2',3'-dideoxyadenosine were protected, however.
From these results, we conclude that AAUAAA becomes accessible early in polyadenylation. Although AAUAAA is required to establish protection, we do not know if the protection seen during the early stages of polyadenylation results from factors interacting directly with AAUAAA or with the terminal region of the substrate. The data do not distinguish between a factor dissociating from the substrate entirely or leaving the AAUAAA region but remaining bound to the RNA.
Change in complexes revealed by gel retardation. To determine when during polyadenylation RNAs are released from the postcleavage complex, two-dimensional gel electrophoresis was performed. Labeled, precleaved RNA was incubated in extract containing a low concentration of 3' dATP, as described above. After incubation, heparin was added to 0.1 mg/ml and the mixture was analyzed by electrophoresis through a nondenaturing gel. In this first dimension, specific and nonspecific complexes are separated from one another (9, 22, 28, 29) . Proteins that are free or that readily dissociate from the RNA will transfer onto the polyanion heparin, whereas tightly bound proteins will remain associated with the RNA. Formation of the more slowly migrating specific complex requires AAUAAA, whereas nonspecific complexes form on any RNA molecule. To identify the RNA species in each complex, RNA was recovered from thin sections along the length of the gel, deproteinized, and analyzed in a second dimension by electrophoresis in a denaturing gel.
A large proportion of the RNAs that were polyadenylated were released from the specific complex and were found in the nonspecific complex ( Fig. 2A, lanes 5 to 9) . The specific complex (lane 3) contains the full range of poly(A) tail lengths. Thus, no discernible change in the mobility of the specific complex is observed when between 1 and 150 A's are added. However, when the heparin concentration was increased from 0.1 to 5 mg/ml (Fig. 2B) , a dramatically different result was obtained: only RNAs with fewer than approximately 10 A's were found in the specific complex (Fig. 2B, lanes 2 to 5) . From these results, we conclude that after the addition of approximately 10 adenosines, the complex undergoes a transition such that it more readily transfers onto heparin.
A 68-kDa protein is present in the postcleavage complex. A 68-kDa protein (p68) can be cross-linked by UV light to mRNA precursors containing an intact AAUAAA sequence (13, 25) . To examine whether this protein associates with precleaved RNAs, the following experiment was performed. Labeled -59/+1 RNA was incubated in the extract in the presence of a high concentration (0.5 mM) of 3' dATP to prevent polyadenylation. After incubation, heparin was added to 5 mg/ml. The mixture was then irradiated with UV light and digested with RNase A. Proteins cross-linked to the RNA become labeled via the covalently bound radioactive nucleotides remaining after RNase digestion and can be identified by SDS-polyacrylamide gel electrophoresis (PAGE) and autoradiography. p68 associated specifically with precleaved RNAs containing AAUAAA (25) but not with RNAs containing AAUCAA (Fig. 3A, lanes 1 and 2) . To examine whether p68 was in the postcleavage complex, -59/+1 RNA was added to the extract, irradiated with UV light, and then loaded onto a nondenaturing gel without RNase treatment. Specific and nonspecific complexes were eluted from the gel and treated with RNase. Labeled proteins were identified by SDS-PAGE and autoradiography. p68 was found in the specific postcleavage complex (lane 5) but not in the nonspecific complex (lane 4). Together, these data demonstrate that p68 can associate with RNA that ends at the poly(A) addition site and that it is present in the postcleavage complex.
Cross-linking of p68 persists early but is lost late in polyadenylation. p68 does not cross-link to fully polyadenylated RNA (13 .ii' 9 10 with fewer than 10 A's were not (Fig. 4, lanes 1 to 3) . The proteins cross-linked to both populations of RNA were analyzed by ribonuclease digestion and SDS-PAGE. p68 was detected on the population of RNAs with fewer than 10 A's (lane 5) but not on RNAs with more than 10 (lane 6). We repeated the experiment, adding heparin to a final concentration of 0.1 rather than 5 mg/ml. This amount of heparin did not dissociate the complex after the addition of 10 A's ( Fig. 2A) . Again, p68 was detected only on the population of RNAs with fewer than 10 A's (lanes 8 and 9). We conclude that p68 changes either in location or in conformation early in the addition of the poly(A) tail. Although we cannot pinpoint the oligo(A) length at which this transition occurs, our observations are consistent with it taking place at or before 10 A's have been added. In addition, most proteins larger than 68 kDa no longer cross-linked to the RNA with more than 10 A's. As judged by gel retardation, all of these proteins bound nonspecifically (Fig. 3A, lanes 1 and 2) (13, 25) . Assembly of the specific complex may either strip these proteins off the RNA or occur only on transcripts to which these proteins are not already bound.
DISCUSSION
Three lines of evidence presented here support the conclusion that the complex in which polyadenylation occurs undergoes a transition early in the addition of a poly(A) tail. First, oligonucleotide-RNase H protection of AAUAAA decreases on RNAs with more than 30 A's and is not detected on fully polyadenylated RNA (Fig. 1) . Second, after the addition of approximately 10 A's, the complex becomes sensitive to heparin (Fig. 2) . Third, a 68-kDa protein fails to cross-link to RNAs with more than approximately 10 A's ( Fig. 3 and 4) .
We propose the following model to aid in the discussion of our data. Polyadenylation occurs in the postcleavage complex. This complex, which initially is associated with AAUAAA, contains both a poly(A) polymerase and a specificity factor. After a short stretch of A's have been polymerized, the specificity factor disengages from AAUAAA and can then transfer onto exogenous polyanions more readily. Polyadenylation continues without the release of either the specificity factor or the polymerase until a fulllength poly(A) tail has been synthesized.
AAUAAA remains protected during the addition of approximately the first 30 adenylate residues. Thereafter, protection decreases (Fig. 1A) . The same boundary of protection at 30 nucleotides is seen with three different ATP analogs (3' dATP, ddATP, or 3'-O-methyl ATP) (Fig. 1B) . Similarly, the pattern of protection is similar whether or not polyadenylation is coupled to cleavage (data not shown). We conclude from these data that a factor(s) (Fig. 1B) . This effect is less prominent with 3' dATP (Fig.  1A, lane 4) . Perhaps, during this early phase of the reaction, the stability of the complex is affected by these modifications of the ribose ring.
The complex changes in heparin sensitivity early in the reaction but may not change dramatically in composition. The change in heparin sensitivity in the presence of high concentrations of heparin is detected as a loss of RNAs with 10 or more adenosines from the specific complex. At low concentrations, however, all poly(A) tail lengths are found in the specific complex, suggesting that, in the absence of heparin, the complex does not change in composition. In particular, since the AAUAAA specificity factor, with an apparent molecular mass of at least 290,000 daltons (Y. Takagaki, L. Ryner, and J. L. Manley, submitted for publication), accounts for most of the observed retardation (P. Wigley, M. D. Sheets, D. Zarkower, and M. Wickens, submitted for publication), it probably is still present in complexes containing long, but incomplete, poly(A) tails. Thus, we suspect that, even after polyadenylation has become independent of AAUAAA at 10 adenosines, the specificity factor remains associated with the advancing polymerase. Indeed, crude specificity factor fractions stimulate the extension of an oligo(A) tail by poly(A) polymerase (21) . Because of the limited resolution of the gel retardation assay, we do not know whether all factors originally present in the complex remain; proteins might enter or leave the complex without causing a detectable change in its electrophoretic mobility.
The increase in heparin sensitivity may reflect disengagement of the specificity factor from AAUAAA. Although this hypothesis is unproven, it is reasonable, since the same binding site might well interact with either heparin or RNA but only become available to heparin after dissociation from AAUAAA.
AAUAAA becomes accessible to an oligonucleotide and RNase H in RNAs with poly(A) tails of between 30 and 60 A's, but heparin sensitivity is acquired after only 10 A's. This difference probably arises because the two assays measure different properties of the complex. The protection assay detects the binding of factors at or near AAUAAA, while heparin resistance assays the stability of the interaction between the RNA and bound factors. After addition of approximately 10 A's, the factors may have disengaged from AAUAAA yet may not have progressed far enough away from AAUAAA to allow annealing of the oligonucleotide until at least 30 A's have been added. A protection assay using small chemical probes (e.g., diethylpyrocarbonate or dimethyl sulfate) might help resolve this issue. Regardless, it is clear that the interaction at or near AAUAAA that protects that sequence from digestion is lost early in the addition of a poly(A) tail.
A 68-kDa protein (p68) can be cross-linked to cleavage substrates and is found in the precleavage complex (13) . It also cross-links to precleaved RNAs (25) (Fig. 3A) and is found in the postcleavage complex (Fig. 3A) , demonstrating that it does not leave the RNA immediately after cleavage. p68 remains associated with the RNA if polyadenylation is blocked but appears to dissociate from the body of the RNA if polyadenylation is permitted (Fig. 3B) (13) . p68 is not cross-linked to RNAs with poly(A) tails longer than approximately 10 residues. Our data do not permit us to determine precisely when the loss in cross-linking first occurs (i.e., whether it occurs with the addition of the first or tenth adenosine) but do strongly suggest that it is complete by the MOL. CELL. BIOL. .. 10. time that approximately the tenth adenosine has been added. Thus, we conclude that, early in the extension of the poly(A) tail, p68 changes either in position or conformation.
The transition from AAUAAA dependence to AAUAAA independence occurs with the addition of the tenth adenosine (21) . It is striking that the transition to heparin sensitivity also occurs at approximately this same point, as may the loss of p68 cross-linking. Our data thus corroborate the notion that polyadenylation occurs in two separable phases, with a transition after approximately 10 adenosines have been added.
The transition during polyadenylation is reminiscent of the transition after transcription initiation in bacteria (for a review, see reference 8): the AAUAAA specificity factor and poly(A) polymerase can be viewed as analogs of sigma factor and RNA polymerase. Sigma factor imparts promoter specificity to Escherichia coli RNA polymerase. After transcription of approximately 10 nucleotides, sigma is released, presumably as a result of a conformational change in the polymerase holoenzyme. Similarly, in polyadenylation, the specificity factor imparts AAUAAA specificity to an otherwise nonspecific poly(A) polymerase (4, 24; Bardwell et al., in press). After approximately 10 adenosines have been added, the reaction undergoes a transition from AAUAAA dependence to independence, and the complexes catalyzing the reaction become heparin sensitive. Perhaps the specificity factor, like sigma factor, disengages from its cognate sequence at this point. Our data suggest that, unlike sigma, the specificity factor may continue to be associated with polymerase thereafter. The biochemical nature of the interaction between poly(A) polymerase and the specificity factor and the biochemical nature of the predicted change in that interaction after approximately 10 adenosines have been added await further analysis using purified components.
